ABSTRACT Synergistic interactions among the multiple endotoxins of Bacillus thuringiensis subsp. israelensis de Barjac play an important role in its high toxicity to mosquito larvae and the absence of insecticide resistance in populations treated with this bacterium. A lack of toxin complexity and synergism are the apparent causes of resistance to Bacillus sphaericus Neide in particular Culex Þeld populations. To identify endotoxin combinations of the two Bacillus species that might improve insecticidal activity and manage mosquito resistance to B. sphaericus, we tested their toxins alone and in combination. Most combinations of B. sphaericus and B. t. subsp. israelensis toxins were synergistic and enhanced toxicity relative to B. sphaericus, particularly against Culex quinquefasciatus Say larvae resistant to B. sphaericus and Aedes aegypti (L.), a species poorly susceptible to B. sphaericus. Toxicity also improved against susceptible Cx. quinquefasciatus. For example, when the Cyt1Aa toxin from B. t. subsp. israelensis was added to Bin and Cry toxins, or when native B. t. subsp. israelensis was combined with B. sphaericus, synergism values as high as 883-fold were observed and combinations were 4 Ð59,000-fold more active than B. sphaericus. These data, and previous studies using cytolytic toxins, validate proposed strategies for improving bacterial larvicides by combining B. sphaericus with B. t. subsp. israelensis or by engineering recombinant bacteria that express endotoxins from both strains. These combinations increase both endotoxin complexity and synergistic interactions and thereby enhance activity and help avoid insecticide resistance.
TWO BACTERIA, Bacillus sphaericus Neide and Bacillus thuringiensis subsp. israelensis de Barjac, that produce insecticidal protein endotoxins are used for mosquito control. Although both are highly toxic to mosquito larvae, there are fundamental differences in their toxin composition, mode of action, and relative risk for selecting insecticide resistance. The toxicity of B. sphaericus is due primarily to a binary toxin (Bin) that binds to a speciÞc receptor on the midgut microvilli of susceptible mosquitoes (Davidson 1995 , Charles et al. 1996 , Darboux et al. 2001 . In addition to high toxicity, larvicides based on B. sphaericus have residual toxicity against Culex species in polluted water, a signiÞcant advantage. Unfortunately, B. sphaericus has a narrow host range and targets a single receptor type in the midgut of susceptible mosquitoes, the latter characteristic places it at high risk for selecting insecticide resistance. Several cases of resistance have already been reported, some after as little as 2 yr of Þeld application . Alternatively, B. t. subsp. israelensis produces four major endotoxins, Cry4A, Cry4B, Cry11A, and Cyt1Aa, belonging to at least two unrelated toxin classes that presumably bind to more than a single receptor type (Delé cluse et al. 2000) . This bacterial species has a much broader insecticidal spectrum than B. sphaericus, exhibiting high toxicity against many mosquito and black ßy species as well as against some chironomid midges. Despite its use in control programs, no resistance under operational Þeld use has been reported (Becker 1997) .
To overcome spectrum of activity limitations of B. sphaericus as well as to improve toxicity of this species and B. t. subsp. israelensis, attempts have been made to construct recombinant bacteria that combine the endotoxins of both species (Bourgouin et al. 1990 , Poncet et al. 1997 , Thié ry et al. 1998 , Servant et al. 1999 , Li et al. 2000 , Sun et al. 2001 . Some of the recombinants demonstrated improved activity against Aedes aegypti (L.), a mosquito species that is not normally susceptible to B. sphaericus, and against Culex quinquefasciatus Say that had evolved resistance to B. sphaericus. But overall the recombinants were not more active against susceptible mosquitoes than the original parental strains and consequently did not present any obvious advantage over current products.
Increased toxicity is not the only goal for recombinant microbial strains; refractoriness to selecting insecticide resistance in mosquitoes is also important, particularly in view of reports of Þeld resistance to B. sphaericus. Computer models that simulate the evolution of resistance demonstrated that under certain conditions mixtures of insecticides that act at different targets in the insect are beneÞcial in retarding resistance development, particularly if those insecticides interact synergistically (Curtis 1985 , Mani 1985 , Tabashnik 1989 ). Those models may explain the lack of insecticide resistance to B. t. subsp. israelensis, which naturally expresses a complex mixture of toxins that synergize one another . The Cyt1Aa toxin is important in that synergy (Wu et al. 1994 , Crickmore et al. 1995 and also suppresses Cry-toxin resistance in mosquitoes exposed to a mixture of Cyt1Aa and Cry toxins . Furthermore, when Cyt1Aa was combined with B. sphaericus it also suppressed high levels of resistance to this species (Wirth et al. 2000a, c) . The interaction between Cyt1Aa and B. sphaericus suggests that combinations of toxins from both B. t. subsp. israelensis and B. sphaericus might help slow the evolution of resistance because of the lack of cross-resistance between these endotoxins (Rodcharoen and Mulla 1996, Wirth et al. 2000b) 
Materials and Methods
Bacterial Strains. Two wild-type bacteria, Bacillus sphaericus 2362 (Abbott Laboratories, Chicago, IL) and B. t. subsp. israelensis (IPS80, Pasteur Institute, Paris, France) and Þve recombinant strains that produced one or more toxin(s) from B. t. subsp. israelensis were used for these tests. The recombinant strains were named after the toxin or toxins that each produced, including Cry11A that was produced in Bacillus thuringiensis subsp. kurstaki (Chang et al. 1992) , and Cry4A (Delé cluse et al. 1993 ), Cry4A ϩ Cry4B (Delé cluse et al. 1993), Cry4A ϩ Cry4B ϩ Cry11A (Delé cluse et al. 1991) , and Cyt1Aa (Wu and Federici 1993) that were produced in B. t. subsp. israelensis.
Bacterial strains were grown on solid or liquid media as described previously (Delé cluse et al. 1991 (Delé cluse et al. , 1993 Chang et al. 1992; Wu and Federici 1993) . Sporulated cells were washed in 1 M NaCl and/or distilled water, sedimented, and the pellets were lyophilized. Assays used suspensions of lyophilized crystal/spore powders that were prepared in distilled water and homogenized with Ϸ25 glass beads. Stock suspensions were prepared monthly and 10-fold serial dilutions were prepared weekly as needed. All suspensions were stored at Ϫ20ЊC when not in use.
Mosquito Colonies. Three colonies of mosquitoes were tested. Two of the colonies were laboratory colonies of Cx. quinquefasciatus that were susceptible or resistant to B. sphaericus, named Syn-P and Bs-R, respectively (Wirth et al. 2000b (Wirth et al. , 2004 . The latter colony has a resistance level of Ͼ100,000-fold to B. sphaericus 2362 (Wirth et al. 2000b ) and its mechanism of resistance is loss of binding of the B. sphaericus-receptor (Nielsen-LeRoux et al. 1995) . The third colony was a laboratory colony of Ae. aegypti that was obtained in 1999 from Dr. M. S. Mulla (Department of Entomology, University of California, Riverside, CA) (Wirth et al. 2000a) .
Bioassays. Groups of 20 early fourth instars were treated in 100 ml of deionized water in 250-ml plastic cups. Eight or more concentrations of crystal/spore suspension producing mortality between 0 and 100% plus an untreated control were used for each doseÐ response test, and tests were replicated Þve times on Þve different days. Dead and moribund larvae were counted after 24 and 48 h. Data were subjected to Probit analysis (Finney 1971 ) by using a program written for the PC (Raymond et al. 1995) . Lethal concentration values with overlapping Þducial limits were not considered to be signiÞcantly different. Toxin mixtures were prepared based on the weight of the crystal/spore powders. Interaction between toxins was evaluated by the method described by Tabashnik (1992) in which the theoretical toxicity of a toxin mixture was predicted from the weighted harmonic mean of the toxicity of the individual components. The synergism factor (SF) at the LC 50 was calculated by dividing the predicted theoretical value for each toxin combination by the observed toxicity value. According to Tabashnik (1992) , an SF ratio equal to 1 was additive, a ratio Ͻ1 was antagonistic, and a ratio Ͼ1 was synergistic. For this study, SF ratios of 1.5 or greater were classiÞed as synergistic because they represented a 50% increase in toxicity, whereas SF values of 1.1Ð1.4 were classiÞed as weakly synergistic. Five values fell into that latter classiÞcation and represented a single point at either 24 or 48 h, whereas the value for that same mixture at the alternative time (i.e., 24 or 48 h) fell into the synergistic class. To determine whether toxicity of the toxin mixtures was improved relative to the toxicity of B. sphaericus against Cx. quinquefasciatus, its primary target, an improvement factor (IF 50 ) was calculated by dividing the LC 50 for B. sphaericus against Syn-P by the LC 50 of each toxin mixture toward the various susceptible and resistant mosquitoes. IF 50 values Ͼ1 occur if a given toxin mixture is more toxic than B. sphaericus against C. quinquefasciatus. For this study, an IF 50 value of two-fold was used as the threshold for improvement because it represented a two-fold improvement in toxicity.
Results
The lethal concentration values for wild-type bacteria and recombinant bacteria are presented in Table 1 . These values were used to calculate the the-oretical toxicity values for the different toxin combinations. In Table 2 , the lethal concentration (LC) values, theoretical lethal concentration values, SFs, and IFs at the 50% lethal concentration level for mixtures of Cry toxin(s) from B. t. subsp. israelensis and B. sphaericus are reported. Interactions between the Cry toxins and B. sphaericus varied depending on the toxin(s) and the mosquito colony tested. Using an SF value of 1.5 as a threshold, the majority of combinations of Cry toxins and B. sphaericus were synergistic. SF values ranged from 0.5 to 16.1 for Syn-P, 0.9 Ð71.6 for Bs-R, and 0.5Ð16.1 for Ae. aegypti. Only the combinations of B. sphaericus ϩ Cry11A tested against Syn-P at 24 h, B. sphaericus ϩ (Cry4A ϩ Cry4B) tested against Bs-R at 24 h., B. sphaericus ϩ (Cry4A ϩ Cry4B ϩ Cry11A) tested against Syn-P at 24 h, and against Ae. aegypti at both 24 and 48 h. were antagonistic. Two combinations, B. sphaericus ϩ (Cry4A ϩ Cry4B) against Syn-P at 24 h and B. sphaericus ϩ (Cry4A ϩ Cry4B ϩ Cry11A) against Bs-R at 24 h were weakly synergistic. All combinations, except B. sphaericus ϩ Cry4A tested against Ae. aegypti at 48 h, had IF values of Ն2.0. IF values were between 2 and 12 for Syn-P, 22 and 54,000 for Bs-R, and 1.7 and 349 for Ae. aegypti.
Mixtures of B. sphaericus ϩ B. t. subsp. israelensis were tested at ratios of 5:1, 10:1, and 50:1, and the resulting values are reported in Table 3 . SFs were generally positive and values ranged from 2.1 to 18.5 for Syn-P, 1.0 Ð10 for Bs-R, and 1.1Ð10.5 for Ae. aegypti. IFs ranged from 3.6 to 19.8 for Syn-P, 2,230 Ð59,000 for Bs-R, and 104 to 1,050 Toxicity of B. t. subsp. israelensis, B. sphaericus, and various component toxins of B. The B. sphaericus ϩ Cry toxin mixtures were combined with Cyt1Aa, and the resulting values are reported in Table 3 . Generally, lethal concentration values were positive for synergism and SF values ranged from 1.1 to 7.3 for Syn-P, 1.6 Ð 883 for Bs-R, and 3.7 to 23 for Ae. aegypti. No interactions were antagonistic and only B. sphaericus ϩ (Cry4A ϩ Cry4B ϩ Cry11A) ϩ Cyt1Aa against Syn-P at 24 h and B. sphaericus ϩ Cry11A ϩ Cyt1Aa against Syn-P at 48 h, were weakly synergistic. IFs ranged from 1.2 to 4.1 for Syn-P, 367Ð 44,800 for Bs-R and 16.3Ð1230 for Ae. aegypti. All combinations were as toxic, or more toxic, than B. sphaericus against susceptible Cx. quinquefasciatus. (Wirth et al. 2000a, c) and synergy involving Cry toxins. Whether that activity will translate into improved Þeld toxicity remains to be seen.
Discussion
Although it is not clear whether the mechanism of synergism between B. sphaericus and Cyt1Aa is the same as those between B. sphaericus and the Cry toxins, similar patterns of interaction were observed. For example, SF ratios were lower against susceptible mosquitoes that possess a normal B. sphaericus-receptor, whereas much higher SF ratios were observed in mosquitoes with an altered B. sphaericus-receptor, Bs-R, or against Ae aegypti, which lacks a receptor. One explanation for these results is that in susceptible mosquitoes, B. sphaericus binds preferentially to its receptor and is weakly inßuenced by Cry/Cyt toxins, leading to low SF ratios. In the absence of a normal B. sphaericus receptor, B. sphaericus toxicity is strongly inßuenced by Cry/Cyt toxins and results in much higher SF and IF values.
The broad spectrum of synergy that is now apparent suggests that complex interactions occur among most of the major toxins in B. t. subsp. israelensis and B. sphaericus and are probably responsible for much of the increased toxicity and expanded host range previously reported for recombinant bacterial strains that incorporated toxins from these two species (Bourgouin et al. 1990 , Poncet et al. 1997 , Thié ry et al. 1998 , Servant et al. 1999 , Li et al. 2000 , Sun et al. 2001 ).
More importantly, these interactions should provide some level of protection against insecticide resistance because they involve toxins that target different receptors in the mosquito midgut (Silva-Filha et al. 1999) , lack cross-resistance, and interact synergistically; traits that naturally occur in B. t. subsp. israelensis and B. t. subsp. jegathesan (Selena et al. 1995) and are believed to retard the evolution of resistance to those two bacterial species Wirth 1997, Wirth et al. 2004 isting B. sphaericus resistance in laboratory selection studies (Zahiri et al. 2002) , suggesting that strategies involving mixtures of B. t. subsp. israelensis and B. sphaericus will be effective.
B. sphaericus, because of its high activity in polluted water and long residual activity, has an important role in mosquito larval control that is at risk because of its limited host range and propensity to select resistance. This study and others demonstrate that B. sphaericus toxicity can be improved, its host range enhanced, and the risk for resistance potentially reduced by combining B. sphaericus with toxins from B. t. subsp. israelensis.
